Effect of Bottom Electrodes on Resistance

I. INTRODUCTION
T HE (Ba,Sr)TiO (BST) dielectric film has attracted great attention for practical use in a capacitor of giga-bit dynamic random-access memories (DRAM's) because of its high dielectric constant, low leakage current density, high dielectric breakdown strength, paraelectric perovskite phase that does not exhibit fatigue, aging and the ease of composition control [1] , [2] . The electrical characteristics of BST thin films greatly depend on the deposition conditions (sputtering power, substrate temperature, sputtering ambient, gas pressure etc.) [3] - [7] , the composition of the BST thin films [8] , [9] , the bottom electrode materials [10] - [12] , e.g., Pt, Pt/Ta, Pt/TiN/Ti, Pd/Ti, Pd, etc., post-annealing condition [5] , [13] - [15] , and the electrical degradation and breakdown for ceramics of perovskite-type titanate [16] - [18] . In these BST materials, a dc stress causes resistance degradation, characterized by a slow increase of the leakage current after a characteristic time. The resistance degradation of BST films is characterized by extreme lowering of the resistance when simultaneous temperature and dc field stress are applied to the films. The degradation process limits the lifetime and reliability of BST capacitors. There is a constant bias on the capacitor dielectrics in both DRAM and on-chip capacitor applications, as a consequence, it is worth studying their degradation under static dc stresses. Many parameters, such as doping [18] , stoichiometry [16] , grain size [17] and electrode properties affect the degradation. Thus, it is important to evaluate such instabilities in case of BST thin films, for its applications. In this work, we investigate the effect of bottom electrodes (Pt, Ir, Ru) on the resistance degradation and breakdown of BST thin films. A qualitative explanation for BST breakdown based on band diagram is presented.
II. EXPERIMENTAL
BST thin films were deposited on metals/SiO /(100)Si (metals are Pt, Ir, and Ru) bottom storage node electrodes by rf magnetron sputtering. The detailed deposition conditions of the BST thin films on various bottom electrodes were described in reference [19] , [20] . The BST targets with a diameter of 3 in and a thickness of in were synthesized using standard solid-state reaction process. The sputtering chamber was evacuated to a base pressure of torr. All films were prepared at fixed power of 100 W (power density is 2.26 W/cm ) and constant pressure of 10 mtorr which was maintained by a mixture of 50% Ar and 50% O 2 (oxygen flow mixing ratio O /(O Ar) (OMR) is 50%) with a total flow of 20 sccm. All of the BST films have the same thickness of around 80 nm. The substrate temperature of the sputtered BST films was at 500 C. The composition of sputtered films was Ba/Sr on the basis of ICP analysis. The BST thin films were post-annealed at temperatures ranging from 500 to 700 C in O atmosphere using a quartz glass tube furnace (FN) for 20 min. Then, the 50 nm thick top Pt electrodes with diameters of 165, 255, and 350 m were formed by sputtering and patterned by the shadow mask process.
The film thickness was determined from ellipsometry. The structure was characterized by X-ray diffraction (XRD, Siemens D5000). Depth profiles of oxygen near the interface of BST/bottom electrodes were analyzed by secondary ion mass spectrometry (SIMS, CAMECA IMS-4f). The capacitance-voltage ( -) characteristic was measured on the metal-insulator-metal (MIM) structure by measuring the capacitance at 100 KHz as a function of a swept positive-to-negative voltage bias. Dielectric constant of the films was calculated from the capacitance measured at 100 KHz 1521-3331/00$10.00 © 2000 IEEE without bias voltage. The dielectric properties were measured as a function of frequency with a Hewlett-Packard (HP) 4194A impedance-gain phase analyzer. The current-voltage ( -) and current-time ( -) measurements were performed by measuring the current through the sample with a HP4145B. And the leakage current at positive bias, the electrons flow from bottom electrode to top electrode.
III. RESULTS AND DISCUSSION
The bottom electrode had a pronounced effect on the dielectric constant and the leakage current density of the BST films measured at 100 kV/cm with delay time 30 s. The dielectric constant and leakage current of the films were also strongly dependent on the post-annealing conditions. BST thin film deposited on Ir bottom electrode at 500 C, after 700 C annealing in O for 20 min, has the dielectric constant of 593, a loss tangent of 0.019 at 100 kHz, a leakage current density of A/cm at an electric field of 100 kV/cm with a delay time of 30 s, and a charge storage density of 53 fC/ m at an applied field of 150 kV/cm [19] . The BST films deposited on Ir with post-annealing can obtain better dielectric properties than on other bottom electrodes in our experiments. And Ru electrode is unstable because the interdiffusion of Ru and Ti is occurred at the interface between the BST and Ru after post-annealing [19] , [20] . The leakage current of BST thin films was expected to be affected by the contact potential barrier and polarization loss. The BST films deposited on Pt, Ir, IrO /Ir, and RuO /Ru after post-annealing were stabler than BST on Ru. The details were given in reference [19] , [20] . [21] . Fig. 1(a) shows that the leakage current of BST deposited on Pt under 1.5, 2.0, and 2.5 MV/cm dc stress fields slowly decreased with stress time. And the leakage current of BST deposited on Pt under 3.0 and 3.3 MV/cm dc stress fields slowly decreased with stress time in the beginning stage of the stress, and then the current stopped decreasing further, and gradually increased up to the breakdown. For a field less than 2.5 MV/cm, only slow decrease of current without any significant current degradation was observed within the measured time range. Fig. 1(b) indicates that the leakage current of BST deposited on Ir under 2.5 and 3.0 MV/cm dc stress fields slowly increased with stress time. Fig. 1(c) shows that the leakage current of BST deposited on Ru under 0.5 MV/cm dc stress field slowly increased with stress time. And the leakage current of BST deposited on Ru under 0.25 MV/cm dc stress field slowly decreased with stress time in the beginning stage of the stress, and then the current stopped decreasing further, and gradually increased up to the breakdown. For a field less than 0.25 MV/cm, only slow decrease of current with a very small current degradation was observed within the measured time range. From the leakage current versus stress time data, the BST thin film deposited on Pt has the smaller resistance-degradation and the BST thin film deposited on Ru has the larger resistance-degradation. Fig.  1(d) shows that the leakage current of BST deposited on Ir* under 2.125 and 2.5 MV/cm dc stress fields slowly decreased with stress time, and then the current slightly increased around 500 s. And the leakage current of BST deposited on Ir* under 3.0 and 3.123 MV/cm dc stress fields slowly decreased with stress time in the beginning stage of the stress, and then the current stopped decreasing, and gradually increased up to the breakdown. For fields less than 2.5 MV/cm, slow decrease of current with less current degradation was observed within the measured time range. The leakage current versus stress time data show that the BST thin film deposited on Ir* has the less resistance degradation than the BST on Ir, because of the formation of IrO at the interface of BST and Ir* will suppress the accumulation of oxygen vacancy [20] and hence the degradation caused by the deterioration of Schottky-barrier would be smaller than those on Ir.
For understanding the effect of annealing on the dielectric properties and reliability of the BST on Ir bottom electrodes, we compare SIMS data of BST films before and after annealing [ Fig. 2(a) and (b) ]. From SIMS data, we observed that the oxygen concentration at BST/Ir* interface is larger than the oxygen concentration at BST/Ir interfaces, as shown in Fig. 2(a) and (b) . The Ti and Ir profiles of BST on Ir remain the same but the oxygen concentration at the interface slightly increases, that is, a IrO layer is probably formed. Fig. 3 is provided for further explaining the effect of the change in the interface due to annealing on the properties of BST films. The thinner interfacial layer of IrO are suggested to suppress the accumulation of the oxygen vacancies at the BST/Ir interface. Therefore, the interface of the BST/Ir has reduced accumulation of oxygen vacancies after post-annealing. The BST film tends to show an -type conductivity because the oxygen vacancy acts as a donor dopant. The higher concentration of oxygen vacancy accumulated at the interface tends to show an n -type conductivity (Fig. 3) . Hence, the BST/Ir structure before post-annealing are similar to the "metal-n type-n type" structure whereas those after post-annealing are similar to the "metal-n type" structure. On the basis of the point of view of the physics of semiconductor devices, the "metal-n type-n type" structure will result in barrier height reduction, which leads to larger barrier height occurred in the "metal-n type" structure, as shown in Fig. 3 . Therefore, the leakage current of BST on Ir after post-annealing decreases with the annealing temperature [19] , [20] , because the barrier height of BST on Ir after post-annealing increases with the annealing temperature. The reliability of BST on Ir were further improved by post-deposition annealing in O at 600 C for 20 min.
The leakage current versus time of BST films under different dc stress is shown in Fig. 1 . The leakage current decreased with stress time under "low dc stress field" (no degradation) which is called the charging current [22] . The leakage current gradually increased up to the breakdown under "high dc stress field" (with degradation), because that the migration and creation of oxygen vacancies under high dc stress field would occur and the oxygen vacancies migration toward the cathode and pilling up of oxygen vacancies near the cathode certainly lower the resistance of the Schottky junction which would increase the leakage current. The resistance degradation can be better understood from the band diagram of BST thin films, which will be described in Fig. 9 . Fig. 4 (a)-(d) depict that the leakage current with delay time 30 s of BST deposited on Pt, Ir, Ru, and Ir* bottom electrodes, under different stress field with 500 s. Fig. 4(a) shows that the leakage currents of BST on Pt under 1.5, 2.0, and 2.5 MV/cm stress fields have no degradation and leakage current degradation has already occurred in the film after 3.0 and 3.3 MV/cm stress fields. Fig. 4(b) shows the larger degradation on the leakage currents of BST on Ir under 2.5 and 3.0 MV/cm stress fields. Fig. 4(c) indicates that the leakage currents of BST on Ru under 0.25 MV/cm stress field have no degradation and leakage current degradation has already occurred in the film after 0.5, 1.06, and 1.17 MV/cm stress fields. This is (Fig. 4 ) in good agreement with the results shown in Figs. 1  and 8 . Fig. 4(d) shows that the leakage currents of BST on Ir* under 2.125 MV/cm have only slight degradation. The BST on Ir* under 2.5 and 3.0 MV/cm stress fields have degradation of leakage current and it is smaller than those on Ir. Therefore, the electrical characteristics (e.g., high dielectric constant and low leakage current) and reliability of BST on Ir were further improved by post-deposition annealing in O at 600 C for 20 min. The details were given in the analysis of Figs. 1-3 . Fig. 5 indicates that the characteristic time is dependent on the electric field. The characteristic time is defined as the time when the current density shows a value larger than the minimum by one order under dc stress. The characteristic time increased with the decrease of the electric field. The BST on Pt, Ir, and Ir* have longer characteristic times than those on Ru, hence the BST thin film deposited on Pt, Ir, and Ir* has the smaller resistance-degradation and the BST thin film deposited on Ru has the larger resistance-degradation. The results indicated in Fig. 5 have a good agreement with the results shown in Figs. 1, 4 , and 8. This phenomenon implys that the Schottky-barrier of BST might be affected by dc stress. The higher Sckottky-barrier has the less resistance-degradation (The difference in work functions which are, respectively, 5.6, 5.35, and 4.8 eV for Pt, Ir, and Ru). Hence, BST on Pt has less resistance-degradation and long characteristic time. And also the BST on Ir* has less resistance degradation than the BST on Ir. The resistance degradation can be better understood from the band diagram of BST thin films, which will be described in Fig. 9 . Fig. 6(a)-(c) show that the leakage current with delay time 30 s of BST, deposited on Pt, Ir and Ru bottom electrodes at 500 C with 50% OMR with Pt top electrode, under different measurement temperatures. The asymmetry of leakage current exists [19] , [23] , because the potential barrier formed at the interface between the top electrode and BST is not as high as that at the interface between bottom electrode and BST [19] , [23] . The leakage currents at positive bias of BST on Pt have a little change at various temperatures [ Fig. 6(a) ]. However, the leakage currents at positive bias of BST on Ir have more changes at various temperatures (espectially at 150 C) than those of BST on Pt [ Fig. 6(b) ]. The leakage currents at positive bias of BST on Ru have the most significant changes at various temperatures among three different bottom electrodes. The results show that the Schottky-barrier of BST might be affected by temperature and the BST thin film deposited on Pt would have the smaller resistance-degradation for thermal breakdown (temperature) and the BST thin film deposited on Ru would have the larger resistance-degradation for thermal breakdown. , where is the overall coefficient, Ea the activation energy, the Boltzmann constant and the absolute temperature. The decreased with the increase of the temperature. The activation energies of the BST deposited on Pt, Ir and Ir* under 3.0 MV/cm stress are 0.478 eV, 0.477 eV, and 0.477 eV, respectively. The activation energy of the BST deposited on Ru under 1.14 MV/cm is 0.392 eV. The BST on Pt showed longer of the degradation at the same bias and temperature. The BST on Pt, Ir, and Ir* exhibited longer than that on Ru at the same temperature. The results demonstrate that the BST capacitors on Pt, Ir, and Ir* have less deterioration of resistance to dc voltage stress compared to that on Ru at elevated temperatures. The results shown in Figs. 6 and 7 are in good agreement. It has been reported that the activation energy of the 18% OMR BST deposited on Pt at 650 C is 0.8 eV at 100 kV/cm [23] , which is different from our data 0.478 eV at 3.0 MV/cm. This difference might be attributed to the differences in grain size and stoichiometry between films fabricated at various processing conditions [24] . The activation energy 0.478 eV at 3.0 MV/cm indicates much less temperature sensitivity than the 0.8 eV at 100 kV/cm [24] , hence our film has less deterioration of resistance to dc voltage stress at elevated temperatures than that reported in reference. The grain size of BST deposited on Ru has a larger value of 18 nm, while that of BST on Pt and Ir has the smaller values of 7 nm and 12 nm. The resistivity of BST deposited on Ru has a smaller value of 7 M -cm, while that of BST on Pt and Ir has the larger values of 24 M -cm and 20 M -cm. Hence, the BST capacitors on Pt, Ir, and Ir* have less deterioration of resistance to dc voltage stress compared to that on Ru at elevated temperatures. Fig. 8 shows that the breakdown time under a given dc stress for BST thin films deposited on the different bottom electrodes, which predicts the ten year lifetime at 1 V operating voltage. It indicates that the BST films on Pt, Ir, and Ir* have a longer lifetime than the BST on Ru. We can describe the breakdown time, , of each film in terms of the empirical equation (1) where is preexponential factor, exponential factor, and electric field. On the basis of the results shown in Fig. 8 , the values of at room temperature are estimated to be , and s for BST thin films deposited on Pt, Ir, Ir*, and Ru, respectively. And the values of at room temperature are estimated to be 2.33, 2.37, 2.36, and 8.9 cm/MV for BST films on Pt, Ir, Ir*, and Ru, respectively. From the estimated data , the BST films deposited on Pt, Ir, and Ir* have a longer lifetime at lower operating voltage than that on Ru. The values of for BST on Pt, Ir, and Ir* are about a quarter of that for BST on Ru. The different value of observed under dc stress indicates that the degradation of BST on Ru would be more serious than on Pt, Ir, and Ir*, which is in good agreement with the results shown in Figs. 1-7 . It has been reported in [25] that the value of at 27 C for BST on Ir was evaluated to be 2.5 cm/MV, which is resonably close to our value. Tsai et al. [23] assumed that the main conduction in the BST thin films deposited at higher OMR (40%-60%) is the thermionic emission of electrons from cathode electrode into the BST thin film (Schottky emission). Therefore, the Schottky interface-barrier would influence the characteristics. The time-dependent dielectric breakdown (TDDB) as shown in Fig. 8 is also refered as resistance degradation of dielectrics which shows a slow increase of leakage current under dc field stress, hence it is considered that the degradation of BST films was caused by the deterioration of Schottky interface-barrier. On the other hand, the polarization enhanced electron transport (dielectric relaxation current) under long-time dc stress would also cause the decrease of the values of interface-barrier height and the depth of the trap center level [23] . Under dc stress conditions, the dielectric relaxation current in the BST dielectric films probably enhances the deterioration.
The theories proposed for explaining the degradation mechanism of perovskite titanates may include two major categories: grain boundary model and reduction model [18] . In the grain boundary model, a dc field induced deterioration of the grain boundaries is responsible for the degradation phenomenon. The model assumes that the grain in dielectric ceramics is a resistor C and the grain boundary is a thin insulating layer R. There are many of RC series equivalent circuit in paralled throughout the ceramic. Based on the equivalent circuit analysis it indicates the grain boundary plays a prominent role in the degradation of the ceramics. Higher breakdown strength is obtained with decreasing grain size. In the case of the reduction model, the positively charged oxygen vacancies with relative high mobility electromigrate toward the cathode under dc electric field. The oxygen vacancies then pile up at the front of cathode and are compensated by the electron injected from cathode. On the other hand, at the anode, an electrode reaction leads to generation of oxygen gas and electrons, leaving oxygen vacancies behind, and may cause an oxidation of electrode material. The reduction reaction leads to a growth of n-conducting cathodic region toward the anode, and to an increase of the electronic conductivity. The net result is that the space charge accumulation at grain boundaries and interface of BST and metal reduces the grain boundary height and interface barrier height, and increase the leakage current. The experimental results in our study are related to the grain boundary model and reduction model: 1) the BST on Pt has more "grain boundaries" than BST on Ru because the grain size of BST on Pt is smaller [19] , therefore, the BST on Pt is expected to have longer life-time on the basis of grain boundary model, which was verified by the result indicated in Fig. 8, 2 ) the BST on Pt has higher "interface barrier" than BST on Ru, as the work function of Pt is larger than that of Ru. It is considered that the degradation in our samples was largely caused by the deterioration of Schottky-barrier. On the basis of reduction model, this deterioration due to the accumulation of oxygen vacancies at the interface which reduces the barrier height and increase the leakage current. Therefore, the experimental result shows that the BST on Pt processing higher Schottky-barrier have less degradation, which is in accordance with the reduction model, and 3) the polarization enhanced electron transport in BST film on Ru is predicted to be more serious than that of BST on Pt because the polarization of BST on Ru is higher than that in BST on Pt [19] . The effect of space charge (oxygen vacancy) accumulation at grain boundaries leading to reduce the grain boundary height and increase the leakage current is expected to be smaller here, because the 50% OMR BST employed in the present study has been reported to contain little oxygen vacancies [23] . Hence, the BST film on Pt has smaller degradation and longer life-time, and the BST on Ru has more degradation and shorter life-time. And the degradation of BST on Ir is between the BST/Pt and BST/Ru, because the number of grain boundaries, interface barrier height and polarization enhanced electron transport (relaxation current) of BST on Ir are between the BST/Pt and BST/Ru. The dielectric constant and leakage current of BST on Ir were further improved by post-deposition annealing in O at 600-700 C for 20 min [20] . The TDDB life-time of BST on Ir* exhibit better reliability under long-term electrical stress than that on Ir. The formation of IrO in the interface of BST and Ir* can suppress the accumulation of oxygen vacancy, thus reducing the deterioration of Schottky-barrier and the degradation.
Among various conduction mechanisms related to the current flow through a dielectric film under a dc applied stress, we propose that Schottky emission can explain our results better, since the net current across the dielectric is usually more sensitive to electrode materials. Therefore, the Schottky current is the dominant current for the field region considered, although barriers formed in grain boundaries probably also affect the carrier conduction. For the BST films used in this work, the decrease of the resistance in the Schottky barrier between the cathode (bottom electrode) and the dielectric seems to be the main cause of the resistance degradation, in accordance with the conduction mechanism. We deduce a flatband model for metal-BST-metal system. Fig. 9 shows the energy band after contact and the creation and migration of defects, such as oxygen vacancies. The symbol "-" represents the oxygen vacancy accumulation at interface. The BST film on Pt has a large area of grain boundaries due to small grain size, and the grain boundaries would depress the oxygen vacancy migration which leads to the formation of the -conducting region [18] . The barrier height in the interface of BST/Pt is larger such that there is higher resistance of the deterioration of Schottky-barrier. However, under a relatively high field, the migration and pilling up of oxygen vacancies near the cathode certainly lower the resistance of the Schottky junction. Based on the energy band strucutre of the investigated metal-BST-metal system and the experimental data illustrated in Figs. 1-8 , the work function of contact material, grain size of the film and the accumulation of oxygen vacancy at the interface should take into account for explaining the TDDB and dc degradation of BST films. Therefore, the empirical relation between dielectric breakdown time and electric field, , is not able to be directly derived from the available degradation models of the deterioration of Schottky junction. The detailed study of migration and creation of defects, such as oxygen vacancies, is suggested to be important for providing possible explanation about the resistance degradation phenomena of the BST films.
IV. CONCLUSION
We have demonstrated that the bottom electrodes appear to have a strong influence on the degradation and breakdown properties of the BST thin films. The BST film deposited on Ru has faster degradation than those deposited on Pt, Ir, and Ir*. The relation between the breakdown times and the dc electric field were well fitted by the empirical equation . The value of the exponential factor for BST deposited on Pt, Ir, and Ir* was about a quarter of that for BST on Ru, which indicates that the degradation of BST on Ru would be more serious than on Pt, Ir, and Ir*. The BST film on Pt has longer lifetime than those on Ir, Ru, and Ir*, which was ascribed to smaller grain size, higher Schottky barrier, and less polarization enhanced electron transport in the film on Pt.
